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DIGITAL 2BlQ TRANSMITTER WITH HIGH 
PRECISION AND LINEARITY TIME DOMAIN 

RESPONSE 

MICROFICHE APPENDIX ' 

The disclosure of this patent document includes a 
micro?che appendix consisting of a single sheet that 
includes fourteen (14) frames. > 

COPYRIGHT NOTICE 

Portions of the disclosure of this patent document, in 
particular micro?che Appendices A-C, contain unpub 
lished material which is subject to copyright protection. 
The copyright owner, National Semiconductor Corpo 
ration, has no objection to the facsimile reproduction by 
anyone of the patent document or the patent disclosure, 
as it appears in the US. Patent and Trademark Of?ce 
patent ?les or records, but otherwise reserves all rights 
whatsoever. ' 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to telecommunications 

devices and, in particular, to a digital 2B 1Q transmitter 
circuit which meets the high precision and linearity 
time domain response requirements of the U-interface 
ISDN standard. 

2. Discussion of the Prior Art 
Communication over a digital subscriber line (DSL) 

in the evolving Integrated Services Digital Network 
- (ISDN) requires error-free transmission of binary data 
with the alphabet B=(O, l) at a bit rate of 160 kg/ sec. 

' Line impairments, such as attenuation/dispersion and 
cross-talk noise, corrupt the received signal at the re 
ceive end of the DSL and introduce error. 
To counter these impairments and to remove error, 

different modulation techniques can be employed that 
result in bandwidth reduction of the transmitted signal. 
The modulation technique adopted by American Na 
tional Standards Institute (ANSI) for use over the DSL 
is called 2BlQ line coding. According to this coding 
technique, successive pairs of binary data B are one-to 
one mapped onto successive units of quaternary sym 
bols with alphabet Q=(—-3, —- 1, +1, + 3) and transmit 
ted as a corresponding voltage level at half the rate of 
the binary sequence. Therefore, an incoming binary 
stream B with bit rate of 160 kbit/sec. is converted into 
a quaternary stream Q with symbol rate of 80 kbit/ sec. 
and then transmitted over the DSL. 
There are two basic approaches to the design of 

transmitter circuits, recursive and non-recursive. 
A typical example of the recursive approach is to feed 

square wave pulses, amplitude modulated according to 
2BlQ levels, through a linear low-pass ?lter. 
The recursive approach is not generally utilized for 

echo canceller applications for the following reasons. 
First, if a continuous ?lter approach is utilized, it is 
dif?cult to control the pulse envelope because of roll 
off frequency variations. If the frequency controlling 
elements, such as resistors and capacitors, are locked to 
an on-chip reference, linearity can be a problem. Fur 
thermore, cost and yield are also known factors. If a 
switched-capacitor approach is utilized, then two ?lters 
are required, one to provide the basic pulse shaping and 
the other for anti-alias ?ltering. 

In general, in recursive ?lters, the trailing portion of 
the pulse after ?ltering extends too many baud periods 

10 

15 

25 

30 

35 

45 

50 

55 

65 

2 
due to the recursive nature of the ?lters. This increases 
the number of taps in the echo canceller circuit. In 
addition, the summation of pulse tails demands an ex 
tended dynamic range for the transmitter driver to han 
dle the voltage swings. This stresses the linearity/cost/ 
power design requirements of the driver circuit. 

Furthermore, the amount of pulse undershoot after 
?ltering normally is signi?cant compared to the pulse 
template. Undershoot as high as 5% to 8% of the main 
pulse amplitude has been observed. Since 12% is the 
limit for the undershoot template, there is little margin 
left for the design of the line transformer. 

Additionally, the slope (dV/dt) of the ?ltered trans 
mitter pulse normally is steeper than the pulse slope 
generated from a non-recursive circuit. A high order, 
low-Q ?lter is the only solution if cost is not a major 
concern (pre-processing in the drive signal is also a 
solution, but falls into the non-recursive category). The 
high dV/dt signal leaves less jitter margin for the timing 
circuit that drives the transmitter/ ?lter circuits. In some 
cases, a “differential canceller” is required to handle this 
type of impairment. 
The non-recursive approach also suffers from some 

disadvantages. First, silicon area for integrating a trans 
versal ?lter is usually high compared to other ap 
proaches. Pre-processing the drive signal using a cur 
rent-slewing method has a wide performance distribu 
tion due to process variation; usually, this is not a practi 
cal solution for silicon implementation. A ROM look-up 
method always requires a high resolution digital-to 
analog converter (DAC) because of the requiredasum 
mation of vectors in the modulation process. It is costly 
to build‘ a high resolution DAC with high degree of 
linearity. For example, for eight bits or more, a 3-bit 
DAC is the theoretical minimum for any approach 
including ?ltering methods, the combination yielding 
?ve levels: (+3, +1, 0, —l, —-3). 

SUMMARY OF THE INVENTION 

The present invention provides a digital 2BlQ trans 
mitter circuit having U-interface applications. The cir 
cuit meets the U-interface ISDN standard speci?cation 
demands for a high precision and linearity time domain 
response. - 

The digital 2BlQ transmitter circuit of the present 
invention includes a novel, all-digital pulse density 
modulator (PDM), which reaches the U-interface preci 
sion requirement with a simplicity that rivals standard 
?lter approaches. The selective control of the shape and 
persistance tail maps into well-behaved spectral proper 
ties. The binary PDM modulation intrinsically results in 
high linearity and is unmatched by conventional tech 
niques. To meet the demand for integratability and low 
cost, the transmitter circuit of the present invention 
allows low resolution digital to analog conversion and 
the number of computations has been reduced to a mini 
mum. The design is insensitive to jitter affects and to 
process variations in the analog post ?lter and line inter 
face circuits. 
A digital 2B1Q transmitter circuit in accordance with 

the present invention utilizes a dual modulator to gener 
ate a 2BlQ signal by summing two binary modulated 
vectors in a 2:1 weighting ratio. This allows a single 
modulating envelope generator to drive the dual modu 
lator. The modulating envelope is coded in a 1 bit pulse 
density modulation (PDM) format. This permits the use 
of AND gates (or equivalent, such as PLAs) in perform 
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ing the multiplying (modulation) function. The rising 
half of the transmit pulse is stored in the envelope gen 
erator, while the trailing half is derived from the rising 
half using the “l-X” function. This allows part of the 
summing functions to be reduced to OR gates or equiv 
alent. 

All of the modulation and summation processes are 
embodied in a small PLA circuit. This PLA also in 
cludes the 2B1Q code conversion and DAC bit-encod 
ing functions. The circuit permits the use of a low-reso 
lution 3-bit DAC to generate the 2B1Q signal with a 
high degree of linearity. 
A better understanding of the features and advan 

tages of the present invention will be obtained by refer 
ence to the following detailed description of the inven 
tion and accompanying drawings which set forth an 
illustrative embodiment in which the principles of the 
invention are utilized. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram illustrating a digital ZBIQ 
transmitter in accordance with the present invention. 
FIGS. 2A~2D combine to provide a schematic dia 

gram illustrating a digital 2B1Q transmitter circuit in 
accordance with the present invention. 
FIG. 3 is a graph illustrating the pulse response of the 

transmitter circuit shown in FIGS. 2A-2D at a 120 
KHz anti-alias cut-off filter frequency. 
FIG. 4 is a graph illustrating the output spectrum of 

the transmitter circuit shown in FIGS. 2A-2D at a 120 
KHz anti-alias cut-off ?lter frequency. 
FIG. 5 is a graph illustrating the pulse response of the 

transmitter circuit shown in FIGS. 2A-2D at a 240 
KHz anti-alias cut-off ?lter frequency. 
FIG. 6 is a graph illustrating the output spectrum of 

the transmitter circuit shown in FIGS. 2A-2D at a 240 
KHz anti-alias cut-off filter frequency. 
FIG. 7 is a graph illustrating the frequency/phase 

response of the anti-alias ?lter of the transmitter circuit 
shown in FIGS. 2B-2C. 
FIG. 8 is a graph illustrating the response of the line 

coupling circuit of the transmitter shown in FIG. 2D. 
FIG. 9 is a graph illustrating the loading of the line 

coupling circuit of the transmitter shown in FIG. 2D. 
FIG. 10 is a graph illustrating the receiver response 

of the line coupling circuit shown in FIG. 2D. ' 
FIG. 11 is a graph illustrating the receiver loading of 

the coupling circuit shown in FIG. 2D. ' 
FIG. 12 is a graph illustrating the line transformer 

THD v DC saturation. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The present invention provides a digital transmitter 
circuit for U-interface Integrated Services Digital Net 
work (ISDN) applications. 
The line code of the transmitter embodiment de 

scribed below is 2B1Q (2 binary, 1 quaternary), a four 
level pulse amplitude modulation (PAM) code without 
redundancy. The nominal baud rate is 80 Kbaud. The 
transmission system uses an echo canceller with hybrid 
principle to provide full duplex operation over a two 
wire subscriber loop. 
The “2-wire echo canceller” system imposes a strin 

gent performance requirement on the design of the 
transmitter circuit. The primary performance criteria is 
to reduce the transmit (TX) residue to a minimum (typi 
cally below —70 dB) at the receive (Rx) input. 
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4 
The transmitter circuit described below belongs to 

the non-recursive class. Several techniques are em 
ployed within the circuit to reduce the resolution re 
quirement of its digital-to analog converter (DAC) and 
the amount of computation required in the modulation 
process. The pulse envelope is a modi?ed cosine wave 
which eliminates undershoot and “tailing” problems. 
The dV/dt slope is a minimum and is determined by the 
U-interface power level speci?cation. 
The design of the transmitter circuit of the present 

invention can be viewed generally with reference to 
FIG. 1. The 2B1Q receive signal can be viewed as the 
summation of two binary modulated vectors V1 and 
V2. These two vectors are generated from two identical 
binary modulators M1 and M2. The transmitter output 
y(n) is obtained by summing two parts of the V2 vector 
and 1 part of the V1 vector, resulting in a 4~level 2B1Q 
signal (+3, +1, —1, —3), that is, 

To meet the U-interface requirements, this output 
signal y(n) must comply with a T1D1 pulse template 
and spectral requirements. Therefore, an envelope gen 
erator is required for the vector modulating signal 
(since the two modulators are identical, only one enve 
lope is required). 
A modi?ed raised-cosine pulse is selected for the 

basic envelope; its duration occupies less than 2 baud 
periods. A source listing of the program “PUL 
SE.SRC” utilized to generate the pulse envelope wave 
form is provided as Appendix A at the end of this speci~ 
?cation. 
The pulse envelope equation consists of two parts: 

Prt(n)=Pr(n)+Pt(n-i; I92) (2) 

where Prt(n) the modulating pulse envelope 
Pr(n) the rising half of the pulse 

envelope - 

Pt(n + 192) the trailing half of the pulse 
envelope, “n + 192" depicts this 
half lies in the next baud 
period. 
0 to 191 (envelope timing 
registration counts, there are 
192 counts in l baud period). 

Therefore, the modulation equations can be written as 

where Vx is the general case of V1 and V2, the modu 
lated vectors, and 
Vrx is the rising half of Vx, 
Vtx is the trailing half of Vx, 
Sx is the general case of S1 and S2, data inputs feed 

ing the dual modulator, 
B is the present baud, 
B-l is the previous baud. 
For pulse mask testing and transmit soft muting pur 

poses, a 5 level (+3, +1, 0, —l, —3) 2B1Q signal is 
required. Therefore, Equations 4 and 5 above are modi 
?ed as follows: 
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Vtx=Sx(B—1)'S0(B-1)*Pt(n) (7) 

where S0 is the third input (the ?rst two inputs are S1 
and S2) for describing the type of transmit symbol. If 
S0(B)=0, then the symbol during B is a “Null” symbol. 
Summing Equations 1 through 7 above results in 

'Pt(n)] (3) 

Equation 8 clearly shows that the system yields maxi 
mum linearity (the amplitude or power ratio of + -3 
symbols to + — 1 symbols) if there is no truncation error 
during the computational process. This is due to the fact 
that all symbol generation is based on one envelope 
vector, Prt(n). Equation 8 also implies that the output 
dynamic range is 6 times larger than m, the number of 
quantization levels of Pr(n) and Pt(n). This explains 
why the conventional ROM approach requires a high 
resolution DAC for the output circuit; that is, if the 
envelope is implemented with 128 levels (m=l28, 7 
bits), then the DAC requirement is 10 bits (6*l28=768 
levels). 
The transmitter design approach described below 

follows Equation 8 to generate the 2BlQ signal. The 
following techniques are implemented to reduce the 
size of the DAC as well as the arithmetic unit: 

a. Pr(n) and Pt(n) are coded in a l-bit Pulse Density 
Modulation (PDM) format. Possible values are l and 0. 
Since the data inputs are in binary format, the modula 
tor becomes two AND gates. 

b. Making Pt(n): l —Pr(n) so that Equation 3 is sirn 
ply an OR function and the output dynamic range is 
reduced by one half. 
FIGS. 2A-2D combine to provide a schematic dia 

gram of a digital 2BlQ transmitter circuit in accordance 
with the present invention. 
The embodiment of the transmitter circuit shown 

therein includes an input pipeline delay consisting of 
?ip-?ops 12 and 14. The basic inputs to the pipeline 
delay are TX..EN, TXQUATI and TX_QUATO. 
TX_QUAT1 and TX_QUATO are dibit inputs for 
specifying the type of output signal according to the 
following mapping: 

TX_QUATl TX_QUATO vSYMBOL 
l l + l 
l 0 + 3 
O l - l 

0 O — 3 

These inputs are clocked into the transmitter registers 
at the positive edges of baud clock, identi?ed as IPL80 
in FIG. 2A, which is an inverted phase locked 80K 
clock. The symbol types are classified at TX_OUT. 
The TX_EN input has the same timing as inputs 

TX_QUATI and TX_QUAm 1f 7X_.EN=O during 
baud (x), then a null symbol is transmitted during this 
baud period; the transmitter output during this period 
contains the trailing/rising halves of the previous/fu 
ture symbols, respectively. If one of these symbols is not 
a null symbol, that is, it is +/-—3 or +/— 1, then the 
transmitter output is non-zero. If TX__EN= 1, then the 
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6 
transmitted symbol is determined by the TX_QUATI 
and TX_QUATO inputs. 

Thus, the control input TX_EN may be used, for 
example, for soft muting during handshaking and for 
pulse mask testing. 
These three inputs are read into device 12 at positive 

edges of the baud clock. 
Three three output pins 7, 5 and 2 of ?ip-?op 12 are 

fed back to its input pins 11, 13 and 14 for generation of 
the B-1 previous baud signals. At this stage, there are 
6 output signals from device 12. These 6 signals are then 
pipelined through ?ip-flop 14 for driving a dual modu 
lator, PLA 18 in FIG. 2. Note that these signals repre 
sent the Sx(B-1) and Sx(B) vector signals after coding 
by encoders 01 and 02, respectively, as shown in the 
FIG. 1 block diagram. 
An envelope generator, shown in FIG. 2 as PLA 22 

(8 address lines, 1 data line and 23 product terms), pro 
vides the modulation envelope in a l-bit pulse density 
modulation (PDM) format. The 8 address lines A0-A7 
of PLA 22 are connected to receive the outputs ZA(O:7) 
of a digital phase locked loop (not shown) which counts 
from 0 to 191 in one baud period. The timing is synchro 
nized to either the frame sync in the LT mode or to the 
receive signal in the NT mode. 

In the LT mode, the transmitter timing is phase 
locked to the network clock (i.e. 8 KHz frame syncs). 

In the NT mode, the transmitter timing is phase 
locked to the receiver signal). 
The source listing for the code algorithm (TE 

GEN.SRC) of envelope generator PLA 22 is provided 
as Appendix B at the end of this speci?cation. Note that 
only Pr(n) is ‘stored in PLA 22, while Pt(n) is generated 
in the dual modulator, which is described in detail be 
low. 

Referring to FIGS. 2A and 2B, PLA 18 combines 
with ?ip-?op 24 and XOR gates 26, 28 and 30 to form a 
2BlQ modulator. The modulator functions are embed 
ded in a 7 X 3 X 8 (addressX dataXproduct terms) PLA 
18. A source listing of the coding algorithm 
(TDMOD.SRC) of PLA 18 is provided as Appendix C 
at the end of this specification. The three output pins of 
the 2BlQ modulator, i.e. pins 7(msb), 5 and 2(1sb) of 
?ip-flop 24, are coded for driving a 3-bit DAC with 
weighting 3, 2 and 1. The msb (pin 7 of flip~flop 24) is 
intentionally inverted for power up centering (transmit 
ting null symbols). The inversion is eliminated after the 
three XOR gates 26, 28, 30. Details are provided in 
Table 1 below. 

TABLE 1 
PLA pin # XOR pin # DAC output 
7 5 2 6 ll 3 3 2 l symbol 

0 l l l l l 3 + 2 + l = 6 + 3 
O 0 l l 0 l 3 +1 = 4 +1 
0 O O l 0 0 3 = 3 0 (power up) 
1 l l O l 1 2 +1 = 3 O 
l l O O l 0 2 = 2 -l 
l O O O 0 O = O —3 

The 3-bit digital-to-analog converter (DAC), as 
shown in FIG. 2B, includes an adjustable output regula 
tor 32, six resistors 34-39, six inverters 40-45, and six 
resistors 46-51. Resistors 46-51 are connected as a 3-bit 
DAC with weightings 3, 2 and 1. The driving sources 
are taken from the six inverters 40-45. The inputs to 
inverters 40-45 have been fed through resistor network 
34-39. The common threshold control point, node A, is 
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connected to a symmetry control potentiometer 52. The 
purpose of this circuit arrangement is to balance the 
positive and the negative pulse areas such that the even 
harmonic distortion is kept to a minimum. For silicon 
implementation, this balancing is not required, since a 
capacitor stack can be utilized. 
The potentiometer 52 is set as follows. First, a code 

sequence is applied to the TX_QUATl/0 inputs such 
that the transmitter is sending a 40 KHz tone (+3, —3, 
+3, . . . ). Then potentiometer 52 is adjusted until the 
even harmonics are < = —65 dB below the main peak 
(40 KHz). 

Operational ampli?ers 58, 60, 62 and 64 constitute a 
3rd order anti-alias ?lter. The purpose of this ?lter is to 
reject high frequency components generated from the 
modulator. The design of the pulse envelope, is gener 
ated by the PULSESRC program provided in Appen 
dix A, reserves a tolerance of 2 X for the -—3 dB roll-off 
frequency distribution exhibited in this ?lter block (i.e., 
120 KHz to 240 KHz), so the general pulse envelope 
should not be affected much by this filter. This is illus 
trated in the plots provided in FIGS. 3-6. 
The ?lter —-3 dB roll-off frequency implemented in 

the breadboard is at 185 KHz. Amplitude/phase plots 
are provided in FIG. 7. 
An offset adjustment potentiometer 66 has been pro 

vided for trimming the output offset of driver 68 to zero 
when sending null symbols. This allowed for accurate 
pulse envelope measurement during circuit develop 
ment. For silicon implementation, the trimming is not 
necessary as long as the offset voltage at the driver 
output is below 30 mVolt. This equates to 1 mA maxi 
mum offset current ?owing through the line trans 
former. 
A transmit driver, consisting of op amp 70 and cur 

rent ampli?er 68, buffers the anti-alias ?lter output to 
the line transformer. 
Transmit attenuation is measured from the output of 

the transmit driver to the line terminals. The driver 
output is a constant voltage source which delivers 6.8 V 
peak to peak (nominal) into the lead. This equates to 2.6 
dB loss in the line interface circuit. The driver output 
level is programmable to cover a range of +/— 10% in 
16 steps (1.25% per step) with an accuracy of +/—- 1%. 
The level adjustment is to compensate different line 
interface designs and allowance for component toler 
ances to meet the 5 V +/—5% output required. 
The gain adjustment potentiometer should be set as 

follows. For transmitter outputting, the steps are as 
follows: 

(1) l X +3 symbol, 
(2) 119 X null symbols, then 
(3) l X —3 symbol, then 
(4) H9 X null symbols, then repeating the 

sequence. 

Line terminals are loaded with a 135 Ohms resistor. The 
potentiometer 66 is then adjusted until the +3 symbol 
peak is 2.5 volts across the line terminals. 
For silicon implementation, the gain trimming is de 

sirable to meet the +-5% speci?cation. The roll-off 
frequency of the anti-alias ?lter also contributes to the 
distribution: values from + 1% to -- 1% are expected. 

Performance plots are provided in FIGS. 8-12. The 
capacitors (1000 pF and 300 pF) placed across the pri 
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8 
mary and the secondary windings simulate the capaci 
tance of the protection devices used in the IC imple 
mentation of the circuit. The return loss compensation 
RC network (135 Ohms and 3000 pF) is optional if the 
transformer is able to provide adequate return loss mar 
gin at 200 KHz. Eliminating the RC does not affect the 
pulse envelope. 

It should be understood that the invention is not in 
tended to be limited by the speci?cs of the above 
described embodiment, but rather is de?ned by the 
accompanying claims. 
What is claimed is: . 
1. A digital transmitter that receives a dibit input and 

generates a 2BlQ coded output signal which is in com 
pliance with prede?ned characteristics, the digital 
transmitter comprising: 

(a) dual modulator means including ?rst and second 
modulator means responsive to the dibit input for 
generating ?rst and second binary modulated vec 
tors, respectively; 

(b) means for summing the ?rst and second binary 
modulated vectors according to a weighting ratio 
to provide a 2BlQ coded output signal; and 

(c) envelope generator means for providing a modu 
lation envelope for the 2BlQ coded output signal 
in a pulse density modulation format such that the 
2BlQ coded input signal is in compliance with the 
prede?ned characteristics. 

2. A digital transmitter as in claim 1 and further com 
prising a code converter for converting the 2BlQ coded 
output signal to a 3-bit output signal. 

3. A digital transmitter as in claim 1 wherein the dual 
modulator means and the envelope generator means are 
cooperatively connected such that the envelope genera 
tor means generates the rising half of the modulating 
envelope and the dual modulator generates the trailing 
half of the modulating envelope. 

4. A digital transmitter as in claim 1 and further com 
prising soft muting means for providing gradual cut-off. 

5. A digital transmitter that receives a dibit input and 
generates a 2BlQ coded output signal which is in com 
pliance with prede?ned pulse template and spectral 
characteristics, the digital transmitter comprising: 

(a) a dual modulator comprising ?rst and second 
modulators responsive to the dibit input for gener 
ating ?rst and second binary modulated vectors, 
respectively; 

(b) means for summing the ?rst and second binary 
modulated vectors according to a 2:1 weighting 
ratio to provide a 2BlQ signal; 

(0) an envelope generator for providing a modulation 
envelope for the 2BlQ signal in a pulse density 
modulation format such that the 2BlQ signal is in 
compliance with the prede?ned pulse template and 
spectral characteristics; 

(d) a code converter for converting the 2BlQ signal 
to a 3-bit signal; 

(e) a digital-to-analog converter for converting the 
3-bit signal to a corresponding analog signal; 

(i) an anti-alias ?lter for removing high frequency 
components from the analog signal to provide a 
?ltered analog signal; 

(g) a transmit output buffer responsive to the ?ltered 
analog signal for providing the 2BlQ coded output 
signal. 
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